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Fabrication and characterization of rhombic silver nanoparticles array being used as a localized surface
plasmon resonance (LSPR)-based nano-biosensor were reported in this paper. The sensor consists of a
rhombic Ag nanoparticles array with single particle dimension of 140 nm in-plane width and 47 nm
out-of-plane height. Characteristics of the nanoparticles such as extinction spectroscopy properties,
refractive index sensitivity, and concentration of the target molecules were analyzed. The LSPR-based
extinction spectra of the antigen or antibody with lower concentration were detected. The detection
results from 100 nM target molecule indicate a larger peak wavelength shift for the rhombic nanoparti-
cles-based nano-biosensor than that of the reported triangular particles-based biosensor. Using a discrete
dipole approximation (DDA) algorithm aided design approach we demonstrated that the refractive index
sensitivity is 330 nm per refractive index unit for the fabricated rhombic Ag nanoparticles array.
 2008 Elsevier B.V. All rights reserved.1. Introduction
Localized surface plasmon resonance-based (LSPR) nano-biosen-
sors are appealing for researchers due to their versatile applications
such as environmental protection [1–2], biotechnology [3], and food
safety [2,4], etc. Recently, several research groups have begun to ex-
plore alternative strategies for development of optical biosensors
and chemosensors [5] on the basis of the extraordinary optical prop-
erties of noble metal nanoparticles. The noble metal nanoparticles
can exhibit a strong ultraviolet–visible absorption band which does
not present in the spectra of bulk metal [6]. This absorption band is
generatedwhen the incident photon frequency is resonant with the
collective oscillation of the conduction electrons and is know as the
LSPR. It is well known that nanoscale chemosensors and biosensors
can be realized through peak shifts kmax in the LSPR-based extinc-
tion spectra of the silver nanoparticles [5]. These peak wavelength
shifts are caused by adsorbate-induced local refractive index varia-
tion in competition to charge-transfer interactions which occur at
the nanoparticles surface. In this research domain, representative
works have been performed and reported by Northwestern Univer-
sity [7–11]. One of their research subjects focused on the measure-
ment of biological binding signal between antigen and antibody
using the triangular Ag nanoparticles. However, there are many
requirements for detecting lower concentration and little capacity
of target molecule in atmosphere environment. It is clear that the
nanoparticles with many binding hot spots will generate a strongll rights reserved.
x: +86 28 85100210.
e.ac.cn, yq_fu_999@163.comLSPR effect. High sensitivity of the detection can be realized accord-
ingly. Considering capability of nanoparticles fabrication and appli-
cation, a rhombicmetal nanoparticleswith twomore hot spots than
the traditional Ag triangular nanoparticles is introduced for the pur-
pose of achieving high sensitivity, by which apparently gives rise to
millions of binding hot spots over 15  10 mm2measurement area.
The peak wavelength shift is increased by 2.2 times over the whole
detection area in comparison to that of the traditional triangular
nanoparticles in the same experimental conditions. The corre-
sponding refractive index sensitivity of the rhombic Ag nanosensor
is greatly improved. The rhombic Ag nanoparticles array for bio-
molecule detection can be implemented using homogeneous, regu-
larly spaced nanoparticles that are attached to a substrate. In our
laboratory, we developed an extended nanosphere lithography
(NSL) method to fabricate the rhombic Ag nanoparticles array in
dimension of 140 nm in-plane widths and 47 nm out-of-plane
heights. The rhombic Ag nanoparticles array-based nano-biosensor
can realize the detection with high sensitivity for the target bio-
molecules in lower concentration.
2. Calculation on periodicity of rhombic array
The periodicity of the array has important inﬂuence on the opti-
cal transmission properties. We calculated the period effects of the
extinction spectra using a Discrete dipole approximation (DDA)
algorithm aided design method [12] by means of changing the
periods to be 0, 210, 280, 350, 420, 490, and 560 nm, respectively.
There are two signiﬁcant differences among the spectra, as shown
in Fig. 1a. Firstly, the peak heights of the small periods are always
higher than those of the large periods. It is easy to be understood
Fig. 1. (a) Extinction spectra of the rhombic silver particle array for different
periods. (b) Relationship between the peaks of wavelength and the periods of the
rhombic silver particles. (c) Relationship between the extinction efﬁciency of
wavelength and the periods of the rhombic silver particles.
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Secondly, positions of the peaks are slightly red shifted with
increasing of the periods. The relationship between the peak posi-
tions and the periods of the rhombic Ag particles is shown in Fig. 1
b, whereas the ﬁrst point stands for the single particle when the
period is zero. The relationship between the extinction efﬁciency
and the periods of the rhombic Ag particles is shown in Fig. 1c. Fullwidth at half maximum (FWHM) is over 100 nm when the periods
are tuned to be 0, 210, 280, and 560 nm, respectively, and thus the
reasonable periods can be deﬁned ranging from 350 to 490 nm. The
period of 440 nm renders the expect spectra allowing for the
FWHM and intensity of the extinction efﬁciency.
3. Experimental
3.1. Fabrication of rhombic Ag nanoparticles array
The extended NSL is employed to create the surface-conﬁned
rhombic Ag nanoparticles supported on a glass substrate. This
method is developed on the basis of the NSL technique [13]. At
ﬁrst, the glass substrate was cleaned in a piranha solution (1:3
30% H2O2/H2SO4) at 80 C for 30 min, and then cooled by high-
pressure N2. Once cooled, the glass substrates were rinsed with
copious amounts of second distilled water and then sonicated for
60 min in 5:1:1 H2O/NH4OH/30% H2O2. Next, the single-layer of
size-monodispersed (the sphere size of the chemical solutions
which is spin-coated as a monolayer determines the generated
rhombic particle size.) polystyrene nanospheres (PS, 500 nm, 2%)
and glass nanospheres (GS, 200 nm, 1%) with ﬂuorocarbon surfac-
tant (FSO) (100:1000:1 PS/GS /FSO) solution 10 ll were coated
onto the glass substrate to form a deposition mask (see Fig. 2b),
and then followed by hydroﬂuoric acid etching to remove the glass
nanospheres (see Fig. 2c). After that, the Ag metal thin ﬁlm was
deposited through the nanosphere masks using thermal evapora-
tion or electron beam evaporation. After removal of the polysty-
rene nanospheres by sonication in absolute ethanol for 3 min.,
well-ordered two-dimensional (2D) rhombic Ag nanoparticles ar-
ray was ﬁnally obtained on the substrates. By modulation of the
nanosphere diameter and the deposited Ag ﬁlm thickness, the
nanoparticles with different in-plane widths, out-of-plane heights,
and interstructure spaces can be tuned. Fig. 2 shows the fabrication
process of the nanoparticles.
We measured the surface modality of the samples by using a
JSM-5900LV scanning electron microscope (SEM). The rhombic
Ag nanoparticles have dimension of 140 nm in-plane widths as
measured by the SEM and 47 nm out-of-plane heights as mea-
sured by a sidestep apparatus. Fig. 2 (6) shows the SEMmicrograph
of the nanoparticles. It can be seen that size of the fabricated rhom-
bic Ag nanoparticles is not identical due to limitation of the self-
assembly monolayer (SAM) technique itself, which can be further
improved in our following experiments.
3.2. Functionalization of nano-biosensor
A well studied biotin-streptavidin (SA) system with extremely
high binding afﬁnity is chosen to illustrate the performances of
the LSPR-based nanoscale afﬁnity biosensors. The biotin-SA system
serves as an excellent model system for the LSPR-based nano-bio-
sensor. SA, a tetrameric protein, can bind up to four biotinylated
molecules with minimal impact on its biological activity and,
therefore, will provide a ready pathway for extending the analyte
accessibility of the LSPR-based nano-biosensor [14].
To prepare the sensor for the purpose of biosensing, the Ag
nano-rhombuses are ﬁrstly functionalized using the SAM tech-
nique which is consisted of 3:1 1-octanethiol (1-OT, Fig. 3)a and
b)/11-mercaptoundecanoic acid (11-MUA, Fig. 3a–c) to produce a
surface coverage corresponding to 0.1 monolayer of carboxylate
binding sites [15]. Carboxylate binding sites/nanoparticles equiva-
lent to 15,000 are achieved since the maximum number of
alkanethiol molecules per nanoparticles is 150,000. Then assist-
ing with 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC), we covalently attached biotin to the carboxylate
groups. The number of obtained biotin sites determined by the
Fig. 2. (a) The progress of the nanoparticles preparation. (1) Glass substrates cleaned, (2) monodisperse polystyrene nanospheres and glass nanospheres were drop coated
and dried, (3) hydroﬂuoric acid was used to etch off the glass nanospheres, (4) Ag metal was vapor deposited onto the sample, (5) lift out the polystyrene nanospheres, (6)
representative scanning electron microscope image of substrate. Micrographs of SEM for (b) monolayer consisted of PS nanospheres and glass nanospheres (c) polystyrene
nanospheres being used as a template for next step, metallization.
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is 150–750 biotin sites/nanoparticles at maximum coverage. Three
chemical structures of (a) 11-MUA, (b) 1-OT, and (c) biotin are
shown in Fig. 3a. The third structure shown in Fig. 3a–c has longer
arm length of carbon chain of biotin in comparison to the reported
traditional triangular Ag nanoparticles. The structure can strength-
en the binding effect of the biotin and streptavidin (SA). It is well
known that the hindrance of the atom space arrangement can be
reduced with increasing the arm length of carbon chain of the bio-
tin. This is the main reason for our choice in this experiment.
Fig. 3b gives a schematic illustration of the LSPR-based nano-bio-
sensor depicting its exposure to SA.
3.3. Measurement of extinction spectroscopic characteristics
In order to observe characteristics of this type of biosensor, an
extinction spectrum was measured using a Sciencetech 9055 spec-trophotometer. To obtain an ultraviolet–visible transmittance
spectrum, a white light (400–700 nm) passes through a multimode
optical ﬁber and ﬁrstly reaches a collimating lens, and then illumi-
nates the biosensor. The transmitted light through the sample is
collected by an identical focus lens which is attached to the multi-
mode ﬁber. A monochromator is used to separate the light from
the multimode ﬁber into the monochromatic lights, and send them
into a personal computer which is integrated with an analog pho-
tomultiplier together. The transmittance spectra are directly
shown on screen of the computer. The measurement process can
be divided into three steps: (1) collection of the background light
without any input sources and samples; (2) scanning the resource
light; and (3) collecting the transmitted light using the presence of
the sample placed perpendicular to the incident light. The trans-
mittance T can be written as: T = (sb)/(rb), where s, r and b de-
notes the intensity of the sample, reference, and background,
respectively. The extinction spectra E for each step were achieved
Fig. 3. (a) Three chemical structures of case a, 11-MUA; case b, 1-OT; case c, biotin. (b) Schematic illustration of SA binding to a biotinylated Ag nano-biosensor.
772 S. Zhu et al. / Optical Materials 31 (2009) 769–774by E = logT. The transmittance spectra can be directly plotted on
screen of the computer without further data processing, and thus
makes the test simpliﬁed.
4. Results and discussion
The LSPR-based spectra of the Ag nanosensors in each process-
ing step are shown in Fig. 4. Illuminating with the incidence wave-
length ranging from 400 to 700 nm, the generated extinction
spectrum of the pure Ag nanoparticles is depicted in Fig. 4a, where
the LSPR kmax was measured to be 558.5 nm. Similarly Fig. 4b,
shows the extinction spectrum after modiﬁcation of the Ag nano-
particles with 1 mM 1:3 11-MUA/1-OT. To ensure a well-ordered
SAM on the Ag nanoparticles, the sample was incubated in the thiol
solution for 24 h. After careful rinsing and thoroughly drying by N2,
the corresponding LSPR kmax was measured to be 572 nm. Com-Fig. 4. LSPR spectra of each step in the surface modiﬁcation of NSL-derived Ag
nanoparticles to form a biotinylated Ag nano-biosensor and the speciﬁc binding of
SA. (a) Ag nanoparticles before chemical modiﬁcation, kmax = 558.5 nm. (b) Ag
nanoparticles modiﬁed by 1 mM 1:3 11-MUA/1-OT, kmax = 572 nm. (c) Ag nano-
particles after modiﬁcation with 1 mM biotin, kmax = 594.5 nm. (d) Ag nanoparticles
associated with 100 nM SA, kmax = 611 nm. All extinction measurements were
collected in air environment.pared to the pure Ag nanoparticles, the LSPR kmax in this surface
functionalization step is red shifted by approximately 13.5 nm.
Next, 1 mM biotin is covalently attached via amide bond formation
using a two-unit poly(ethylene glycol) linker to carboxylated sur-
face sites, the obtained LSPR spectrum is indicated in Fig. 4c. ItFig. 5. (a) Representative scanning electron microscope(SEM) image of substrate
(b) LSPR spectra of each step in the surface modiﬁcation of NSL triangular Ag
nanoparticles to form a biotinylated Ag nano-biosensor and the speciﬁc binding of
SA. (a) Ag nanoparticles before chemical modiﬁcation, kmax = 501.5 nm. (b) Ag
nanoparticles modiﬁed by 1 mM 1:3 11-MUA/1-OT, kmax = 537 nm. (c) Ag nano-
particles after modiﬁcation with 1 mM biotin, kmax = 550 nm. (d) Ag nanoparticles
associated with 100 nM SA, kmax = 558.5 nm. All extinction measurements were
collected in air environment.
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additional 22.5 nm red shift from the second peak (see Fig. 4b). We
ﬁnally plotted the extinction spectrum in Fig. 4d after the reaction
between 100 nM SA and 1 mM biotin about 2 h. In contract, using
the same diameter of PS spheres with the uniform height of the Ag
nanoparticles as well as the same metrical condition and process-
ing time, we fabricated the traditional Ag triangular nanosensor
(see Fig. 5a). The measured the extinction spectrum is shown in
Fig. 5b. It is found that the maximum wavelength kmax has a
16.5 nm red shift for the wavelength ranging from 594.5 to
611 nm, as shown in Fig. 6a. However, in our experiments, for
the traditional Ag triangular nanosensor a 7.5 nm red shift (see
Fig. 6b) in the reaction between 100 nM SA and 1 mM biotin is ob-
served. For a clear comparison, the LSPR spectra illustrating the dif-
ferent response of the two types of the Ag nano-biosensors with
the same SA concentration of 100 nM are plotted together, as
shown in Fig. 6.
By analyzing the obtained results, we have found that the
extinction spectroscopy varies with each step of surface functional-
ization for the Ag nanoparticles. The spectral shifts in those cases
can be explained by the change in the local effective refractive in-
dex resulting from the surface modiﬁcation in each step. The peak
wavelength shift of the binding reaction between antigen and anti-Fig. 6. LSPR spectra illustrating the different response of two kinds of Ag nano-
biosensor to the same concentration SA 100 nM. (a) Rhombic Ag nanostrucures (1)
before (kmax = 594.5 nm) and (2) after (kmax = 611 nm) 100 nM SA exposure. (b)
Triangular Ag nanoparticles (1) before (kmax = 551 nm) and (2) after
(kmax = 558.5 nm) 100 nM SA exposure. All extinction measurements were collected
in open ﬁeld.body can be improved by 2.2 times over the 15  10 mm2 detection
area in comparison to the traditional triangular nanoparticles at the
same experimental condition. The main reason is that the rhombic
Ag nanoparticles have more hot spots than that of the triangular Ag
nanoparticles when we use the polystyrene spheres with the same
diameter to fabricate them. As an example, we chose the polysty-
rene spheres with the diameter of 440 nm to calculate the hot spots
of both the rhombic and triangular nanoparticles, respectively, over
the 15  10 mm2 measurement area. The rhombic nanoparticles
have the number of 7.74,672  108 binding hot spots more than
that of the triangular nanoparticles. The former corresponds to a
stronger LSPR effect accordingly.
Moreover, the refractive index of the biotin and the SA is ﬁtted
by means of using the DDA [17–20] computational numerical cal-
culation. Then the change for the refractive index is reﬂected by
the experimental peak wavelength shift. We indicate that the
refractive index sensitivity of the Ag rhombic nanosensor is
330 nm per refractive index unit (330 nm/RIU) for the rhombic
Ag nanoparticles with a dimension of 140 nm in-plane width
and 47 nm out-of-plane height. However, the refractive index sen-
sitivity for the conventional triangular Ag particle-based nanosen-
sor is 191 nm/RIU only for the Ag nanoparticles with a dimension
of 100 nm in-plane width and 50 nm out-of-plane height [5].
It should be noted that all the extinction measurements were
carried out in atmosphere environment, whereas the samples were
exposed in ordinary room condition with dust and vapor. Thus our
rhombic Ag particle-based sensor is suitable for the usage in open
ﬁeld without any special cleaning conditions. We expect that the
detection sensitivity can be further increased when the sample is
measured in the chamber fully ﬁlled with N2.
5. Conclusion
Fabrication and characterization of a rhombic Ag nanoparticles
array for a LSPR-based nano-biosensor is proposed. Nanoscale bio-
sensing experiments for the purpose of detecting the binding sig-
nal generated from a bio-molecule interaction between a biotin
and SA were carried out. Our experimental results demonstrate
that the rhombic Ag nanoparticles array-based sensor with more
hot spots has higher sensitivity than that of the traditional Ag tri-
angular nanoparticles-based sensor. A detection of high sensitivity
of the bio-molecule in lower concentration has been realized by
means of the LSPR-based nano-biosensor. This type of biosensor
will have potential applications in many ﬁelds such as medical sci-
ence and biological technology, etc.
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